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mass mχ around 10MeV and the product of the multiplicity factor and millicharge squared
of Nχε
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target experiments and astrophysical observables. However, if the millicharged particles
are also charged under a hidden confining gauge group SU(Nχ) with a confinement scale of
MeV, hidden-sector hadrons are unstable and can decay into neutrinos, which makes this
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experiments.
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1 Introduction

As one of the most precisely measured quantities in particle physics, the muon anoma-
lous magnetic moment provides a testing ground for the Standard Model (SM) of particle
physics. The recent result from Fermi National Laboratory (FNAL) Muon g − 2 collabo-
ration confirms the previous measurement from Brookhaven National Laboratory (BNL)
E821 experiment. The combined experimental measurements now have 4.2σ tension with
the SM prediction and have the difference of

∆aFNAL+BNL
µ = aexpµ − aSMµ = 251(59)× 10−11 , (1.1)

with aµ ≡ (g−2)µ/2. Here, the individual deviations from FNAL and BNL are ∆aFNALµ =
230(69)× 10−11 and ∆aBNLµ = 279(76)× 10−11, respectively [1–3].

This new result suggests possible new physics beyond the SM with new particles ex-
isting at the collider-accessible mass range. In the literature, new particles have been
introduced to directly couple to muon with the new physics contributions happening at
one-loop level (a cancelation among one-loop contributions could lead to a dominant two-
loop contribution [4]). In this paper, we will explore an alternative explanation without
a direct coupling of new particles to muon and have the new physics contributions at
the two-loop level. Before we mention our scenario, we briefly discuss some SM two-loop
contributions to the muon g − 2.

At the two-loop level, one important SM contribution is the so-called hadronic vacuum
polarization (HVP) with hadrons contributing to photon vacuum polarization and then to
aµ. There are two different ways to obtain this contribution: R-ratio and Lattice QCD.
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Figure 1. The two-loop contribution to muon g− 2 from millicharged particles χ contributions to
the photon vacuum polarization.

For the first R-ratio way, experimental data for the e+e− → γ∗ → hadrons are collected
and used to derive the photon vacuum polarization from a dispersion relation [5–9]. The
updated results have aLO-HVP

µ (R-ratio) = 6931(40)× 10−11 [10], which provides the domi-
nant contribution to the total error of the SM prediction aSMµ = 116591810(43)×10−11 [10].
On the Lattice QCD side, the world averaged value has aLO-HVP

µ (Lattice) = 7116(184) ×
10−11 [10], without including the BMW-2020 Lattice result with 7075(55) × 10−11 [11],
which suggests a smaller discrepancy between the SM prediction and the experimental
result and is to be confirmed by other Lattice simulations.

It is interesting to notice that the reported deviation in eq. (1.1) corresponds to roughly
4% of the aforementioned HVP contribution in the SM, ∆aFNAL+BNL

µ ∼ 4%×aLO-HVP
µ (SM).

If new physics modifies the photon vacuum polarization and then ∆aµ, its contribution
could be at the percent level compared to the SM contribution. One obvious requirement for
this type of new physics is that they must couple to the photon or have electromagnetically-
charged particles. On the other hand, the new particle does not necessarily behave as
hadrons or contribute to R-ratio. For instance, they could have a milli-electric charge
and behave as a missing particle at colliders (we do not consider another interesting milli-
magnetically-charged particle case here).

More specifically, as an alternative explanation of the muon g − 2 excess, we intro-
duce millicharged particles (mCP’s) with a mass mχ and a multiplicity factor Nχ. We first
assume that the millicharged particles have only electromagnetic interactions and will intro-
duce additional hidden confining gauge interactions for them later in order to be consistent
with various constraints. Their interaction with the photon has the form of ε eAµχγµχ,
with ε < 1 as the electric charge of the new χ particles. For simplicity, we choose the same
charge and mass for all millicharged particles. We also keep the origin of the small charge
ε agnostic (note that several possiblilities has been considered in the literature, including
the millicharged particles in grand unified theory [12], models with a paraphoton [13] and
milli-electrically-charged neutrinos [14]) and explore mainly the phenomenological conse-
quence here. The dominant two-loop contribution to the muon g − 2 from χ is illustrated
in figure 1. Because the lepton mass flips the helicity, the corresponding contribution to
the electron g− 2 is suppressed by a factor of (me/mµ)2 for the mass range of interest and
can be consistent with the measured value.
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Our paper is organized as follows. In section 2, we estimate the two-loop QED cor-
rection to the muon (electron) g − 2 from the millicharged particles, and compare them
with the observed muon (electron) g − 2 result. In section 3, we derive various parametric
dependences of the signal rates on mχ, ε, and Nχ and use them to recast results from
various low-energy collider, fixed-target and neutrino experiments. We also discuss the
astrophysical constraints. In section 4, the hidden confining gauge interactions are intro-
duced for χ and various constraints are revisited. We summarize our results in section 5.
In appendix A, we discuss the modification of the running fine structure constant due to
millicharged particles. In appendix B, we quote the formula of the two-loop QED correction
from a lepton to muon g − 2. In appendix C, we present some formulas for the properties
of hidden hadrons.

2 Muon g − 2 from mCP

The contribution to the muon g− 2 through the one-loop vacuum polarization of mCPs is
analogous to the QED contribution from SM leptons to the muon g − 2 up to an overall
factor of Nχε

2. Due to the coupling to photon, the experimental limits on the millicharged
particles are stringent. While we postpone the detailed experimental constraints to the
next section, here we simply report the constrained upper limit as Nχε

2 . 6.4 × 10−3 for
mχ ∼ 15MeV, which will guide us for discussing the muon g − 2.

Using the exact expression [15–17] (see appendix B), the numerical value of ∆aµ as a
function of mCP mass mχ is shown in figure 2 for Nχε

2 = 2.5 × 10−3. Apparently, mil-
licharged particles with mχ ∼ 15MeV and Nχε

2 ' 2.5× 10−3 can account for the observed
∆aµ through the photon vacuum polarization. For mχ < mµ, one can approximate ∆aµ as

∆a(4)
µ (vap, χ) ≈ Nχε

2

−1
3 log mχ

mµ
− 25

36 + π2

4
mχ

mµ
+
(

3 + 4 log mχ

mµ

)(
mχ

mµ

)2
(α

π

)2

→ 251× 10−11 ·
(

Nχε
2

2.52× 10−3

)
(mχ = 15 MeV) ,

(2.1)

where superscript 4 (vap) denotes the order of the QED interaction (vacuum polarization).
While the millicharged particles can also contribute to the electron g−2 with the same

overall sign, the experimental result is smaller than the SM prediction [18]

∆ae = aexpe − aSMe = −88(36)× 10−14 . (2.2)

For a heavier χ mass, the contribution to the electron g− 2 is easily suppressed. Using the
heavy mass approximation for mχ & mµ � me,

∆a(4)
µ (vap, χ) ≈ Nχε

2

45

(
mµ

mχ

)2(α
π

)2
(mχ & mµ) . (2.3)

The muon and electron g − 2 are related by

∆a(4)
e (vap, χ) ≈

(
me

mµ

)2

∆a(4)
µ (vap, χ) (mχ > mµ) , (2.4)
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Figure 2. The two-loop contribution to muon g − 2 from millicharged particles through one-loop
photon vacuum polarization for Nχε2 = 2.5 × 10−3. The green band corresponds to (251 ± 59) ×
10−11.

where (me/mµ)2 = 2.34 × 10−5. For mµ > mχ � me and as evident from figure 2, the
scaling behavior of ∆a(4)

µ (vap, χ) in mχ deviates from the heavy mχ approximation in
eq. (2.3). Numerically, the electron g − 2 measurement sets a lower bound on mχ, or

∆a(4)
e (vap, χ) ≈ 2.8045× 10−12 ·Nχε

2 ·
(
mµ

mχ

)2
. |aexpe − aSMe | = 88× 10−14 , (2.5)

where the numerical value in the first line corresponds to the χ contribution to electron g−2
in terms of the mass ratio mµ to mχ. This formula implies that the case with mχ � O(mµ)
requires a much smaller value of Nχε

2, which may not be large enough to explain ∆aµ. As
can be seen from figure 3, the electron g − 2 measurement in conjunction with the ∆aµ
excess requires mχ > 7MeV.

There are additional higher-loop and suppressed contributions to ∆aµ that millicharged
particles can provide. The three-loop and mixed contribution from both χ and the SM
leptons e, µ, τ to photon vacuum polarization occurs at the (α/π)3 order and hence is
small. The three-loop light-by-light contribution from an mCP loop is suppressed by an
extra ε2α/π compared to the HVP contribution and can also be ignored.

One might expect that copious millicharged particles contributing to the photon vac-
uum polarization may also be constrained by the electroweak (EW) precision observables
from the modified value of the fine structure constant at the electroweak scale. We have
found that a light mχ � mπ± can explain the muon g − 2 excess and in the meanwhile be
consistent with the inferred value or precision of α(M2

Z) from EW precision data. This is
due to the power-law enhanced contribution to aµ for a light mχ as can be seen from fig-
ure 2, while α(M2

Z) only logarithmically depend on mχ. The detailed discussion on α(M2
Z)

due to mCPs is provided in appendix A. In figure 3 we show the black dashed line for the
mCP contribution to α(M2

Z) at the fraction of 0.01%, which is approximately the precision
on the extracted ∆α(5)

had(M2
Z) from EW precision data [19].
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3 Constraints on MCP

For millicharged particles with a mass below ∼ 1MeV, the Big Bang nucleosynthesis (BBN)
physics provides very stringent constraints on the charge [20, 21]. Therefore, we will focus
on the mCP masses above 1MeV in this paper. For this range of masses, mCPs have been
searched for at both collider and fixed-target experiments. One could group the searches
into two categories: I) the indirect way without detecting the interaction-generated signals
when the produced mCPs propagate in matter. II) the direct way to detect the mCP-
electron or nucleon scattering generated signals.

For the indirect way, we first note that searches for invisible decays of hadron with
JPC = 1−− can set an upper bound on Nχ ε

2, which is the same parameter dependence as
the one for ∆aµ. Two states, J/ψ and Υ(1S), stand out as the two most relevant ones.
For Υ(1S), one has Br

(
Υ(1S)→ e+e−

)
≈ (2.38 ± 0.11)% and Br (Υ(1S)→ invisible) <

3.0×10−4 [22]. The ratio of those two provide us a constraint on the mCP model parameter

Nχε
2 = Br (Υ(1S)→ invisible)

Br (Υ(1S)→ e+e−) < 1.3× 10−2 , (3.1)

for mχ �MΥ(1S)/2 ≈ 4.7GeV to ignore the phase space factor. The upper limit from J/ψ

invisible decay is very similar to the above one.
Another indirect search for mCPs is to use signatures of mono-photon plus missing

energy or e+e− → γ + /E at a lepton collider. Historically, the PEP (Positron-Electron
Project) experiment at SLAC has searched for γ+ weakly interacting particles with the
constraint [23]

Nχε
2 < 6.4× 10−3 , (PEP) (3.2)

for mχ < 5GeV. Other low-energy lepton colliders such as BaBar [24], BESIII [25] and
Belle II could have impressive projected limits of Nχε

2 . 10−6 for mχ < 1GeV if there is
no additional larger backgrounds as considered in ref. [26]. Additionally, searches for events
with large missing energy in the fixed-target experiment with an electron beam can also be
used to constrain the millicharged particles, if one recasts the limits on produced on-shell
invisible dark photon into the signals with two mCPs in the NA64 experiment [27, 28].
Dedicated experimental searches are required to cover the ∆aµ-preferred parameter space.
We summarize various indirect constraints in figure 3. One can see from this plot that the
∆aµ-preferred millicharged particle mass is constrained to be 7MeV . mχ . 36MeV.

For the direct way of searching for mCPs at a fixed-target experiment, the signal events
have a simple scaling in terms of Nχ and ε as

Nsignal ∝ Nχ ε
2+2nhit , (3.3)

with nhit as the number of hits required for a certain experiment to reduce backgrounds.
The factor of Nχε

2 comes from the productions of mCPs either from meson decays or
Drell-Yan processes. The remaining factor ε2nhit , with usually nhit = 1, 2, comes from the
detecting probability. For any experimental constraint ε < εmax(Nχ = 1,mχ) for the case
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Figure 3. The two-loop contribution to muon g−2 from millicharged particles from their one-loop
contributions to photon vacuum polarization (red solid lines) and various experimental constraints
that only depend on Nχε

2. Below the black dashed line, the modification to the fine structure
constant at the Z boson mass, α(MZ), is smaller than 0.01%.

with Nχ = 1, we can reinterpret it for the large Nχ case as

Nχε
2 < N

nhit
1+nhit
χ ε2

max(Nχ = 1,mχ) . (3.4)

For mχ < 100MeV, the most stringent constraint comes from the MilliQ experi-
ment [29] at SLAC. For Nχ = 1, the constraint is approximately ε < (1.7 × 10−4) ×
(mχ/15MeV)1/2 for mχ < 100MeV. Since a singlet hit has been required, one can reinter-
pret the constraint to copious mCPs as

Nχ ε
2 < N1/2

χ × (1.7× 10−4)2 ×
(

mχ

15MeV

)
, for mχ < 100MeV (MilliQ@SLAC) .

For mχ = 15MeV, the ∆aµ-preferred Nχε
2 ≈ 2.5 × 10−3 requires a lower bound on the

multiplicity Nχ > 7.4× 109.
For a heavier mass above 100MeV, both MiniBooNE [30] with a single hit and Ar-

goNeuT [31, 32] with doublet hits provide the most stringent constraints for the Nχ = 1
case. For the MiniBooNE, the reinterpretation of the limits for the Nχ = 1 is similar to
the MilliQ experiment. For the constraints from ArgoNeuT with nhit = 2, the constraint
is εmax(Nχ = 1,mχ) ≈ 4.5 × 10−3 for 100MeV ≤ mχ ≤ 200MeV. So, for mχ = 200MeV
and to explain ∆aµ, one requires Nχ > 3× 105, although this mass range has already been
excluded by the indirect way. A similar mass range can also be probed by an atmospheric
millicharged particle search [33, 34].

Given the large multiplicity factor Nχ & 1010, one should check the consistency of
our explanation for the muon g − 2 excess against cosmological [35] and astrophysical
bounds [20, 21, 36]. The mCPs with mass mχ ∼ O(10MeV) could be constrained from
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the supernova (SN) 1987A observations [20, 21, 36]. If mCPs interact negligibly with the
SN plasmon once they are produced, they will free stream, leave the SN, take energy away
and serve as an additional cooling channel for the SN. If mCPs interact with the plasmon
sufficiently, they will become trapped and only escape via their last scattering surface given
by the trapping radius, with a much lower temperature than the core. A conservative
requirement is to have the energy carried away by mCPs to be smaller than that from
neutrinos. The latest bounds from the above two cases are updated in ref. [36], which can
be applied to the mCP model with a large multiplicity. For the free-streaming case, the
luminosity of the mCPs ∝ Nχε

2 and provides a constraint Nχε
2 . 10−16 for mχ ∼ 15 MeV,

which excludes the muon g − 2 preferred region. In the trapped case, the luminosity of
the mCPs ∝ Nχε

−β , with 11 < β < 14, should be smaller than around (7× 10−6)−β . The
inequality can be converted to ε & 7×10−6×N1/β

χ , which give Nχ ε
2 > (7×10−6)2×N1+2/β

χ .
Combining with the other bound Nχ > 7.4 × 109, this excludes the muon g − 2 preferred
parameter region Nχε

2 ∼ 10−3.

4 Millicharged hidden confining sector

Given the stringent constraints for the minimal millicharged particle model, we introduce a
hidden confining gauge group SU(Nχ) with χL,R charged as the fundamental representation
of SU(Nχ) (see ref. [37] for a review). The confinement scale Λχ of SU(Nχ) is assumed to
be lower than the bare quark mass, or Λχ � mχ. We will choose Λχ = O(1MeV) to avoid
any possible constraints from BBN physics at the temperature of around 1MeV. So, the
gauge-singlet boundstates contain various “quarkonium”-like χχ meson states, glueballs
and millicharged baryonic states. To satisfy the SN cooling bound as well as direct search
constraints for the meson states in fixed-target experiments, we introduce a scalar particle S
to mediate the decays of glueball states into neutrinos. The relevant Lagrangian terms are

L ⊃ −1
4GχaµνG

aµν
χ + χiγµ

(
∂µ − iεAµ − igχ taGaµχ

)
χ

−mχ χχ −
1
2m

2
SS

2 − i ys S χγ5χ −
S(LH)2

Λ2 . (4.1)

Here, Gaµχ is the hidden gauge field; ta is the group generator; ys is the Yukawa coupling
for the light scalar S coupling to χ; the last term is the dimension-6 operator for S coupling
to neutrinos after electroweak symmetry breaking; the scalar mass is taken to be smaller
than the confinement scale, or mS < Λχ � mχ, such that the glueball states with a mass
∼ Λχ can decay into two S’s which eventually decay into neutrinos. The cutoff scale Λ
in eq. (4.1) is parametrically lower than the typical lepton-number violating scale in the
SM associated with the dimension-5 neutrino mass operator, (LH)2. The (LH)2 operator
is suppressed by an approximate discrete Z2 symmetry under S → −S, χL/R → χR/L,
L → iL, eR → ieR, and H → H. The calculated decay widths for the unstable meson
and glueball states can be found in appendix C. For our purpose here, the JPC = 1−− χχ
boundstate, Υχ with a mass mΥχ ≈ 2mχ, mainly decays into glueballs, Gχ, which has the
dominant decay channel into two S’s that eventually decay into neutrinos.

– 7 –
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For this hidden-confining millicharged model, the indirect constraints in section 3 still
apply and the allowed parameter space is identical to figure 3. On the other hand, the
direct detection constraints do not apply here, because the produced χ and χ hadronize
first into mesons that eventually decay into neutrinos and evade the detections. For the
sub-leading channels into electrons or photons, the material between the production and
detector regions absorbs them. For the SN cooling constraints, we first note that the stable
and millicharged baryonic state Bχ with a charge Nχ ε and a mass ≈ Nχmχ can escape
the plasma. However, for a large Nχ & 10, the baryon mass could be much larger than
the SN core temperature TSN ∼ 30MeV, so its production is exponentially suppressed by
a factor of e−mBχ/TSN and can be ignored. For the unstable meson and glueball states,
we require their decay lengths to be shorter than the SN core radius of ∼ 1 km. For the
quarkonium states, this is easy to be satisfied because they decay almost instantaneously
into glueball states. Using the expression for the decay width in eq. (C.16), its lifetime is
estimated to be cτ0(Υχ) ' 1.8 × 10−8 cm for a selected benchmark point, mχ = 15MeV,
Nχ = 10, and Λχ = 3MeV. For the glueball states, the G0++

χ can promptly decay into two
S’s via the interactions in eq. (4.1), while for other states additional interactions may be
needed to make them decay promptly. For instance, the prompt decay of G0−+

χ into two S’s
is viable, provided the small Z2-symmetry-breaking Yukawa interaction −κsysSχ̄χ with
κs � 1. Then, a G0−+

χ hidden glueball can dominantly decay to two S’s via the dimension-6
operator,

Nχ

g2
χκsy

2
s

16π2m2
χ

S2GχaµνG̃
aµν
χ , (4.2)

from which the lifetime for our benchmark point is estimated to be [see eq. (C.14)]

cτ0(G0−+
χ ) ' 0.9 cm×

(
10
Nχ

)2(10−3

κs

)2 ( 2
ys

)4 ( mχ

15MeV

)4
(

3MeV
Λχ

)5

. (4.3)

For the S state, it can decay into two neutrinos within the SN core radius ∼ 1 km for a
cutoff scale Λ . 105 GeV [see eq. (C.7)],

cτ0(S) = 0.9 cm×
(1MeV

mS

)( Λ
3× 104 GeV

)4
. (4.4)

With the above values of Λ and mS , S decays into neutrinos well before the BBN time.
More detailed discussion can be found in appendix C.

Although the hidden confining millicharged model can satisfy the previously mentioned
constraints, there are additional constraints from fixed-target experiments that search for
dark photon [40]. For the model at hand, the 1−− Υχ state has the same quantum number
as photon and has a kinetic mixing term that is generated by χ-loop diagrams. The effective
kinetic parameter −1

2εkinFµνF
′µν has been derived in appendix C, and it is given by

εkin = 2 e ε
√
Nχ

(
N2
χ − 1
2Nχ

αχ
4

)3/2

, (4.5)

with the gauge coupling αχ evaluated at the Bohr momentum of the boundstate.

– 8 –
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Figure 4. The parameter space in ε and Nχ for the millicharged confining SU(Nχ) model. The
light blue region is excluded by the NA48/2 experiment [38], while the green line is the projected
limit from MESA [39].

For the beam-dump experiments like Orsay [41] or NA64 [42] that cover the dark
photon mass range around 30MeV, the shielding length is 1 meter or above. The mainly
produced hidden particles are the Υχ state and/or its excited states. The productions
for hidden baryonic states are negligible because they are suppressed by a higher power
of gauge couplings and a phase space factor. For the new particles from cascade decays
of Υχ, their decay lengths could be much shorter than 1 meter even after including the
Lorentz boost factor [see eqs. (C.7) and (C.14)], which makes our model not constrained by
those experiments. On the other hand, existing and future experiments like NA48/2 [38],
MESA [39] and HPS [43], do potentially cover the prompt decay scenario in our model.
After taking into account of the production σprod(Υχ) ∝ ε2kin and the branching ratio
BR(Υχ → e−e+) [see eq. (C.19)], we define the following observable

ε2γ′ = ε2kin BR(Υχ → e+e−) =
3π2 α3 ε4Nχ (N2

χ − 1)2

8(π2 − 9) (N2
χ − 4) , (4.6)

to approximately match the constraints on the square of the dark photon kinetic mixing
parameter. We show the existing constraints and future limits in figure 4. One can see that
the muon g − 2 anomaly-preferred region for this SU(Nχ) confining model is still allowed
by experimental constraints. Future experimental results from HPS [43] or others could
cover the muon g − 2 preferred parameter region.

Let us briefly comment on the relic abundance of the hidden baryon Bχ (see also
ref. [44]). Since it has milli-electrical charge Nχ ε and interacts with other electrically
charged visible particles, so it can only take a tiny fraction of cold dark matter (CDM).
The current strongest upper bound on the fraction fmCP ≡ ρmCP/ρCDM arises from the
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CMB constraints, fmCP < 0.004 [45]. As the temperature drops below the confinement
scale, heavy (compared to the confinement scale), long-lived hidden baryons form. Hidden
baryon and anti-baryon annihilation can be viewed as a Bχ−Bχ pair first forming a highly
excited intermediate bound state and then this bound state losing energy and angular
momentum via releasing S particles and/or glueballs. The resulting annihilation cross
section is geometric [46] with 〈σv〉ann ∼ πR2

had(TB/mBχ)1/2, where Rhad is the hadron
size and TB is the temperature at which the baryon is formed. Taking R−1

had ∼ Λχ ∼
mS ∼ mglueball, we estimate the total fraction of hidden baryons as fmCP ∼ 7.2× 10−13 ×
(Λχ/3 MeV)2(mχ/15 MeV)1/2(3 MeV/TB)3/2, which easily satisfies the current constraint
and only contributes a tiny fraction of dark matter.

We also note that the phase transition for this hidden confining model with Λχ < mχ

is a first-order one [47]. The bubbles produced during the phase transition can also change
the cosmological evolution of the hidden baryons [48]. The stochastic gravitational waves
produced during the phase transition with T ∼ Λχ ∼ few MeV could potentially explain
the recent observations by the NANOGrav telescope [49].

5 Conclusions

We have provided a new scenario to explain the muon g − 2 excess based on millicharged
particle contributions to the photon vacuum polarization. Similar to the two-loop contri-
bution to the muon g − 2 from the hadronic vacuum polarization in the SM, our model
provides a hidden hadronic vacuum polarization contribution to the muon g − 2. We have
shown that lighter millicharged particles than the QCD pions can explain the muon g − 2
excess, while being consistent with the inferred value or precision of the fine structure con-
stant at the EW scale, or α(M2

Z), from EW precision data, due to the power-law enhanced
contribution to aµ for a light millicharged particle [whereas α(M2

Z) only logarithmically
depend on the mass of the millicharged particle].

The simple millicharged particle model for the muon g − 2 is excluded mainly due
to the stringent cosmological bound from SN1987A. To avoid the SN cooling bound, the
millicharged particle in this work is also charged under a hidden confining SU(Nχ) gauge
group with its mass above the confinement scale. Millicharged particles form quarkonium-
like bound states which instantaneously decay to hidden hadronic states (such as various
hidden glueballs) with the largest branching fraction. The hidden hadrons in this model
mainly decay into neutrinos via a new light scalar mediator. We presented the benchmark
parameter space which ensures that the decay lengths of the quarkonium-like bound states,
hidden glueballs, and new light scalar states are shorter than the SN core size. Therefore,
the stringent bound from the SN 1987A is avoided. We have also shown that, while
millicharged hidden baryons can contribute to dark matter, their abundance can account
only the tiny fraction of it.

The hidden hadrons can be searched for by low-energy lepton colliders in the mono-
photon plus missing energy channel. The signatures for their sub-leading decays into
electrons and photons can be probed by future fixed-target experiments.
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A Modification of α(M2
Z) due to millicharged particles

Millicharged particles contribute to both the running coupling of QED all the way up to the
electroweak scale and (g−2)µ at the same time via the common vacuum polarization. In this
section we explain how millicharged particles can account for the observed anomaly in (g−
2)µ while being consistent with the precision of the QED coupling at the Z mass, α(M2

Z).
The fine structure constant at MZ is given by

α−1(M2
Z) = α−1

[
1−∆αlep(M2

Z)−∆α(5)
had(M2

Z)−∆αtop(M2
Z)−∆αχ(M2

Z)
]
, (A.1)

with α ≡ α(0) = 1/137.035999084(21) [50]. Here, ∆αlep(M2
Z) refers to the correction from

e, µ, τ leptons and ∆α(5)
had(M2

Z) [∆αtop(M2
Z)] the hadronic contribution from 5 (top) quark

flavors. The additional new-physics contribution from mCPs, ∆αχ(M2
Z), at one-loop has1

∆αχ(M2
Z) = Nχε

2 ×∆αlep, l=χ(M2
Z) , (A.2)

with the one-loop correction from an individual lepton l given by [51]

∆αlep, l(M2
Z) = α

π

[
−5

9 + 1
3 ln M

2
Z

m2
l

− 2 m
2
l

M2
Z

+O
(
m4
l

M4
Z

)]
. (A.3)

The total SM leptonic contribution at the one-loop order using eq. (A.3) is ∆αone-looplep (M2
Z)=

314.19 × 10−4 whereas the calculation has been performed up to four loop order with
∆αfour-looplep (M2

Z) = 314979(2) × 10−7 [52]. The contribution from top quark up to the
three-loop order is ∆αtop(M2

Z) = −72.01(0.37)× 10−6 [53–56].
For the hadronic contribution in the SM, we take the value obtained using the dis-

persion relation from the cross section σ(e+e− → γ∗ → hadrons), or ∆α(5)
had(M2

Z)|e+e− =
276.0(1.0)× 10−4 [9]. The hadronic contribution can also be obtained independently from
the global fit of the electroweak precision measurements, for instance, ∆α(5)

had(M2
Z)|EW-fit =

270.2(3.0) × 10−4 [19]. One notes that aforementioned two types of ∆αhad(M2
Z) have un-

certainties of roughly 1% which dominantly set the precision ∼ 0.01% of α(M2
Z), and they

are slightly inconsistent to each other. In figure 5, we show that the modification to α(M2
Z)

from mCPs with a mass in the range of interest and Nχ · ε2 = 2.5× 10−3 (red band) is be-
low 0.01% (the green filled band) around the central value obtained using ∆α(5)

had(M2
Z)|e+e−

from the dispersion relation. For the purpose of the comparison, we also show the case
using ∆α(5)

had(M2
Z)|EW-fit which has a slightly larger uncertainty (blue band).

1For the “heavy quark” confining hidden sector, the hidden gauge interactions provide additional sub-
leading and perturbative in αχ contributions, which are ignored here.
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Figure 5. The yellow (green) filled band represents 0.02% (0.01%) deviations from the central
value of α−1

SM(M2
Z) obtained using ∆α(5)

had(M2
Z)|e+e− = 276.0(1.0)× 10−4 [9] and Nχε2 = 0. The red

band corresponds to using ∆α(5)
had(M2

Z)|e+e− = 276.0(1.0)×10−4 and Nχε2 = 2.5×10−3. Blue band
corresponds to the case using ∆α(5)

had(M2
Z)|EW-fit = 270.2(3.0)× 10−4 [19] and Nχε2 = 2.5× 10−3.

For mCPs with mχ = 15MeV and Nχε
2 = 2.5 × 10−3 as a benchmark scenario,

∆αχ(M2
Z) = 122.0 × 10−4 · Nχε

2 = 3.05 × 10−5 which is smaller than the error size of
∆αhad(M2

Z). Therefore, our benchmark scenario of mCPs does not spoil the precision of
∆α(M2

Z) beyond the one set by the hadronic contribution.
Ref. [19] has pointed out that changing HVP to explain the muon g−2 excess is in con-

flict with the value of α(M2
Z) from modern EW precision data. For the mCP explanation,

we have arrived at a different conclusion. The advantage of using mCP to explain the muon
g − 2 excess while being consistent with α(M2

Z) is because that one could choose a lighter
mass for mCP or mχ � mπ± the lightest hadron mass, which can effectively enhance its
contribution to the muon g − 2. From figure 2, one can observe a power-low behavior for
aµ in mχ for mχ ∼ 15MeV. For its contribution to ∆α(M2

Z), the leading behavior is a log-
arithmic one [see eq. (A.3)] and insensitive to mχ. For instance, assuming that mCPs with
a mass of ∼ 100MeV can be treated to represent the contribution to (g − 2)µ from typical
QCD light hadrons, the ratio of ∆aµ(mχ = 15 MeV) to ∆aµ(mχ = 100 MeV) is 10.8 (see
figure 2). This ratio gets bigger for a larger benchmark hadron mass. This indicates that
the contribution to ∆aµ from our benchmark millicharged particle of a mass mχ ∼ 15MeV
is enhanced, compared to that from QCD hadrons with higher masses than our mCPs.

B Lepton two-loop contribution to (g − 2)µ

The contribution to muon g − 2 at the order of (α/π)2 from new contribution to the
photon vacuum polarization of massive charged fermions (see the diagram in figure 1) is
given by [15–17]

a(4)
µ (vap, l) = A

(4)
2, vap(mµ/ml)

(
α

π

)2
, (B.1)
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where ‘vap’ (superscript 4) denotes vacuum polarization (order in the coupling e). One
has [17]

A
(4)
2, vap(1/x) =− 25

36 −
ln x
3 + x2(4 + 3 ln x) + x4

[
π2

3 − 2 ln x ln
(1
x
− x

)
− Li2(x2)

]

+ x

2 (1− 5x2)
[
π2

2 − ln x ln
(1− x

1 + x

)
− Li2(x) + Li2(−x)

]
,

(B.2)

where x = ml/mµ (ml as the mass of the virtual lepton in the loop) and Li2(z) =
−
∫ z

0 (dt/t) ln(1− t).

C Hidden confining gauge sector

We assume that a millicharged particle χ transforms as the fundamental representation
under the hidden confining gauge group SU(Nχ) with the confinement scale Λχ ∼ 1MeV.
The running gauge coupling αχ(µ) ≡ g2

χ(µ)/4π of the hidden gauge group SU(Nχ) is
roughly given by αχ(µ) ≈ 6π/(11Nχ)[1/ ln(µ/Λχ)] by neglecting the threshold effect of mχ

and assuming a large Nχ. The combination Nχ αχ(µ) can be taken to be order-one at
µ ∼ mχ > Λχ.

The χ-Upsilon meson Υχ as a χχ̄ bound state can be formed from the binding force
mediated by hidden gluons. This is analogous to the Υ state in the SM QCD as the bb̄
bound state where the bottom quark mass mb is bigger than the QCD confinement scale.
The Υχ hadron can decay into the electron pair via a virtual photon with the decay width
given by

Γ(Υχ → e+e−) = Nχ
16πα2ε2

3
|ψΥχ(0)|2

M2
Υχ

, (C.1)

where the Υχ mass can be taken to be roughlymΥχ ∼ 2mχ for a weakly bounded state. The
wave function at the origin is approximated by |ψΥχ(0)|2 ≈ [CFαχ(µBohr)µχ]3 where µχ =
mχ/2 is the reduced mass of the χχ̄ pair and µBohr is the Bohr momentum, by assuming
the Coulomb-like potential (ignoring the linear potential term), Vχ(r) ≈ −CFαχ/r. Here,
CF = TF (N2

χ − 1)/Nχ and tr(tatb) = TF δab = 1
2 δab.

Similarly to the QCD Υ, Υχ has a larger decay rate into hidden gluonic final states
(also due to no ε suppression), which then subsequently hadronizes into hidden glueball
states since there is no light hidden pion in this model. These hidden glueballs would
eventually decay to SM photons or electrons with order-one branching fractions through χ
loop unless there exist other decay channels. Therefore, Υχ should be subject to stringent
constraints from experiments searching for dark photon.

To also ameliorate the tension between the direct detection for Υχ and the neutrino
observation from SN1987, we design a model to have Υχ dominantly decay into neutrinos.
We introduce a real pseudo scalar field S that couples to χ via a Yukawa coupling and to
neutrinos via an L (lepton number)-violating dimension-6 operator,

S(LH)2

Λ2 , (C.2)
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where the cutoff Λ needs to be parametrically lower than the typical L-violating scale in
the SM with a dimension-5 neutrino mass operator, or Λ� ΛSM

/L
∼ 1014 GeV to make the

process of S → γγ (mediated from a χ loop) subdominant. A common low L-violating scale
will cause the Weinberg operator (LH)2 to generate unacceptably large neutrino masses.
The separation between two types of L-violating scales can be achieved by introducing an
(approximately) discrete symmetry, under which fields transform

S → −S , χL/R → χR/L , L→ iL , eR → ieR , H → H . (C.3)

Under this discrete transformation in eq. (C.3), the following Lagrangian terms

− iysSχ̄γ5χ−mχχ̄χ− (ylL̄HeR + h.c.) + S(LH)2

Λ2 , (C.4)

are invariant whereas the Weinberg neutrino-mass operator is not.
The process of S → γγ is subdominant compared to the process of S → νν by requiring

Γ(S → νν) ≈ 1
16π

(
v2

2Λ2

)2

mS � Γ(S → γγ) = α2

256π3
y2
s

2
m3
S

m2
χ

∣∣∣Nχε
2F (τ)

∣∣∣2
→ α2

256π3
y2
s

2
m3
S

m2
χ

∣∣∣∣Nχε
2 4
3

∣∣∣∣2 (τ � 1) ,
(C.5)

where the loop function is given by F (τ) = −2τ [1 + (1 − τ)f(τ)] with τ = 4m2
χ/m

2
S and

f(τ) = [sin−1(1/
√
τ)]2 (for τ > 1). It gives rise to the inequality,

Nχε
2 � 3π√

2 ysα
mχ

mS

(
v

Λ

)2
. (C.6)

S is also required to decay within the SN core with a radius of ∼ 1 km, or

cτ0(S) = 1/Γ(S → νν) = 0.9 cm×
(1MeV

mS

)( Λ
3× 104 GeV

)4
. (C.7)

With the above choice of Λ and mS , S decays into neutrinos well before the BBN time.
While a light pseudo-scalar S with the discrete symmetry in eq. (C.3) makes a 0++

hidden glueball (G0++
χ ) lifetime short enough so that it decays within the SN core, Υχ

still has an order-one branching fraction to the 0−+ hidden glueball (G0−+
χ ). This state

could mainly decay into photons with a small decay width, for instance, via the dimension-
8 operator GχG̃χFF̃ (with a similar size for G0++

χ ). To make this state decay fast, we
introduce a small discrete-symmetry-breaking Yukawa interaction

− κsysSχ̄χ , (C.8)

which can mediate G0−+
χ decaying into neutrinos via intermediate S’s. For instance, a G0−+

χ

hidden glueball can decay to two S’s via the dimension-6 operator,

Nχ

g2
χκsy

2
s

16π2m2
χ

S2GχaµνG̃
aµν
χ . (C.9)
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The dominant decay channel has

Γ(G0−+
χ → SS) ' 1

8π

(
Nχαχ κs y

2
s

4πm2
χ

)2

Λ5
χ , (C.10)

with non-perturbative order-one numbers neglected here. The sub-leading visible channel
has a decay width of

Γ(G0−+
χ → γγ) ' 1

8π

(
Nχαχ αε

2

m4
χ

)2

Λ9
χ . (C.11)

As long as the inequality,
ε
√
κs
� ys√

4πα
mχ

Λχ
, (C.12)

is satisfied (trivially satisfied for the parameter space of interest), the decay width of
G0−+
χ → SS dominates over G0−+

χ → γγ. In this limit, the visible branching ratio of G0−+
χ is

BR(G0−+
χ → γγ) '

(4π)2ε4 α2Λ4
χ

κ2
s y

4
s m

4
χ

. (C.13)

The decay length of G0−+
χ is given by

cτ0(G0−+
χ ) = 1/Γ(G0−+

χ → SS)

' 0.9 cm×
(

10
Nχ

)2(10−3

κs

)2 ( 2
ys

)4 ( mχ

15MeV

)4
(

3MeV
Λχ

)5

,
(C.14)

which could decay within the SN core radius ∼ 1 km. The lifetime of G0++
χ , on the other

hand, is shorter because it has no additional κ2
s suppression factor. While we have fixed

the glueball masses around the confinement scale Λχ in our estimation for both cases, they
could be heavier than Λχ and make their decay length shorter.

The small discrete-symmetry-breaking coupling can generate a tadpole term for S,
rendering a non-vanishing vacuum expectation value for S which in turn contributes to the
neutrino mass with

∆mν ∼ 〈S〉
v2

2Λ2 ≈
κsys
16π2

m3
χ

m2
S

v2

2Λ2 < 0.1 eV . (C.15)

One could use the above equation to impose a theoretical constraint on the model parameter
space if one requires no tuning to explain the light neutrino mass.

For glueballs with other quantum numbers and higher masses (see [57] for theoretical
calculations of glueball spectra), one can also introduce additional interactions to make
them decay fast enough with a decay length smaller than ∼ 1 km. On the other hand, they
have smaller branching ratios from Υχ decays because of their heavier masses and are less
harmful.
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For the Υχ state, it mainly decays into multiple glueball states with small branching
ratios into visible particles. To estimate its hidden gluonic decay width, we adopt the
formula for the gluonic decay width of the Υ-like mesons in QCD in [58, 59]:

Γ(Υχ → GχGχGχ) =
(N2

χ − 4)(N2
χ − 1)

16N2
χ

64
9
(
π2 − 9

)
α3
χ(MΥχ)

|ψΥχ(0)|2

M2
Υχ

, (C.16)

with |ψΥχ(0)|2 ≈ [CFαχ(µBohr)µχ]3. The Υχ particle decays promptly. Similarly, the
decay width to two hidden gluons and SM photon is [58]

Γ(Υχ → γGχGχ) =
N2
χ − 1
Nχ

16
3
(
π2 − 9

)
α2
χ(MΥχ)αε2 |ψΥχ(0)|2

M2
Υχ

. (C.17)

Given three major decay channels of Υχ, two ratios, which roughly match to the branching
fractions to γ+X and e+e−, are important to check the compatibility with the constraints
from dark photon detection experiments. They are

BR(Υχ → γGχGχ) ≈ 12αε2

αχ

Nχ

N2
χ − 4 , (C.18)

BR(Υχ → e+e−) ≈ 12πα2ε2

α3
χ

N3
χ

(N2
χ − 4)(N2

χ − 1)(π2 − 9) , (C.19)

where αχ is evaluated at MΥχ ∼ 2mχ.
To recast some experimental results searching for dark photon, we also derive the

kinetic mixing parameter between the Υχ boson and photon. Following the convention

L ⊃ −1
2εkinFµνF

′µν , (C.20)

with F ′µν ≡ ∂µΥν
χ−∂νΥµ

χ. By matching the decay widths of the massive gauge boson into
e+e−, one has

εkin = 2eε
√
Nχ

(
N2
χ − 1
2Nχ

αχ(µBohr)
4

)3/2

. (C.21)
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